Many bacterial pathogens secrete potent toxins to aid in the destruction of host tissue, to initiate signaling changes in host cells or to manipulate immune system responses during the course of infection. Though methods have been developed to successfully purify and produce many of these important virulence factors, there are still many bacterial toxins whose unique structure or extensive post-translational modifications make them difficult to purify and study in in vitro systems. Furthermore, even when pure toxin can be obtained, there are many challenges associated with studying the specific effects of a toxin under relevant physiological conditions. Most in vitro cell culture models designed to assess the effects of secreted bacterial toxins on host cells involve incubating host cells with a one-time dose of toxin. Such methods poorly approximate what host cells actually experience during an infection, where toxin is continually produced by bacterial cells and allowed to accumulate gradually during the course of infection. This protocol describes the design of a permeable membrane insert-based bacterial infection system to study the effects of Streptolysin S, a potent toxin produced by Group A Streptococcus, on human epithelial keratinocytes. This system more closely mimics the natural physiological environment during an infection than methods where pure toxin or bacterial supernatants are directly applied to host cells. Importantly, this method also eliminates the bias of host responses that are due to direct contact between the bacteria and host cells. This system has been utilized to effectively assess the effects of Streptolysin S (SLS) on host membrane integrity, cellular viability, and cellular signaling responses. This technique can be readily applied to the study of other secreted virulence factors on a variety of mammalian host cell types to investigate the specific role of a secreted bacterial factor during the course of infection.
Introduction
Understanding the function of bacterial virulence factors in the context of host cell infection is a major focus of bacterial pathogenesis research. Many bacterial pathogens actively secrete toxins and other soluble factors to aid in the destruction of host tissue, to initiate signaling changes in host cells or to manipulate immune system responses during the course of infection [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Though methods have been developed to successfully purify and produce many of these important virulence factors for study, some bacterial products have unique structures or extensive posttranslational modifications that make them recalcitrant candidates for purification methods and thus cannot be studied in isolation using in vitro systems. For example, Group A Streptococcus, the bacterial pathogen responsible for a myriad of infections ranging from pharyngitis to necrotizing fasciitis and toxic shock syndrome, produces a secreted bacterial toxin known as Streptolysin S (SLS) [11] [12] [13] [14] [15] [16] [17] . This ribosomally produced peptide is encoded by the Streptolysin S associated gene (sag) cluster, and the mature product is estimated to be 2.7 kDa in size [14] [15] [16] [17] . The protoxin, encoded by sagA, is modified post-translationally by several enzymes (SagB, SagC, and SagD) to produce the mature, functional form [15] [16] [17] . The complexity of these post-translational modifications coupled with the toxin's unusual amino acid sequence have rendered the toxin incompatible with all purification and structure elucidation efforts that have been attempted to date 15, 17 . These challenges have complicated efforts to determine the specific role of this toxin in host pathogenesis.
In cases where the preparation of purified toxins or other secreted factors is either complex or not possible, mechanisms to elucidate the function of these products have traditionally been studied through the preparation of filtered bacterial supernatants, which are then applied to host cells [18] [19] [20] . There are several challenges associated with this technique. First, many of these secreted factors, including SLS, do not maintain maximal or consistent activity when stored and applied to host cells at a later time. Additionally, when supernatants are collected at a single time point and then applied to host cells, it is difficult to determine physiological relevance and to draw direct conclusions about the natural infection process, where secreted factors are allowed to accumulate during the course of infection to a physiologically relevant concentration. This second challenge applies not only to the use of bacterial supernatants, but also to the use of purified toxins in host cell studies [1] [2] [3] 8 . To address these issues, a permeable membrane insert-based infection system has been developed to assess the effects of SLS on host cells in a manner that maintains optimal toxin activity and also eliminates the variable of direct contact between bacteria and host cells. In this system, human epithelial cells are grown in a monolayer in the bottom chamber of a two chamber well, and bacteria are introduced into the upper chamber of the same well. A porous membrane (0.4 µm pores) separates the upper and lower chambers, allowing secreted factors to be exchanged between the two chambers but preventing the passage of bacteria. This system has allowed for effective evaluation of host responses that are solely due to sustained secreted bacterial components while eliminating any responses that may occur through direct contact during Group A Streptococcal infection. Though other secreted bacterial factors besides SLS can also pass through the porous membrane, the use of an isogenic mutant panel including wild-type (WT), an SLS-knockout (ΔsagA) and a sagA complemented strain (ΔsagA+sagA) allows for precise evaluation of host responses that are strictly SLS-dependent 21 .
Although similar permeable membrane insert systems have been employed for the study of secreted factors involved in viral infections, cancer biology, and immune cell migration [22] [23] [24] [25] [26] , few studies involving bacterial interactions with host cells have utilized this approach 6, 27, 28 . Even studies that have employed such systems to explore interactions between bacteria and host cells have primarily focused on migration of inflammatory cells or bacteria through an epithelial or endothelial monolayer plated on the permeable membrane insert. The permeable membrane insertbased infection system described herein is a simple and effective method that relies on the separation of bacteria and host cells via a porous membrane to assess the effects of the secreted toxin, SLS, on host membrane integrity, cellular viability, cellular signal transduction, and secreted host cell factors. This technique can be adapted to the study of other secreted virulence factors on a variety of mammalian host cell types to investigate the role of a specific bacterial factor over the course of an infection.
Protocol

Bacterial Culture
1. Generate isogenic mutant strains to be used for the study of the specific secreted factor of interest 21 . Note: The GASM1T1 5448 strains utilized for these experiments included WT GAS', a sagAΔcat SLS-deficient mutant (abbreviated in text as ΔsagA), and a sagA complemented strain (abbreviated in text as ΔsagA+sagA) 21 . 2. Prepare overnight liquid cultures of bacterial strains of interest. Grow GAS M1T1 5448 strains in -10 ml of Todd-Hewitt broth at 37 °C for 16-20 hr prior to infecting human cells. 3. Centrifuge overnight bacterial cultures (2,400 rcf for 10 min) and resuspend in fresh bacterial medium.
Note: Resuspension in the same volume as the overnight cultures were grown in (5-10 ml) generally produces a desirable initial optical density. 4. Normalize bacterial cultures to equal starting concentrations by diluting the re-suspended cultures in additional bacterial medium until the same optical density at 600 nm (OD 600 ) is obtained for all strains to be tested (OD 600 of approximately 1.0 is recommended for convenience). Note: In these studies, stationary phase bacterial cultures were used to infect host cells immediately following normalization. However, as some strains of bacteria exit stationary phase nonsynchronously it may be more appropriate to begin host infections with log phase cultures if this is found to be the case for the strains of interest. 5. Prior to further analysis, perform a colony counting assay to determine the colony forming units (CFU) per milliliter present in the starting cultures so that the multiplicity of infection (MOI), or ratio of bacteria per host cell, can be determined. 1. Prepare 1 ml serial dilutions of bacterial cultures that have been normalized to the desired optical density in phosphate buffered saline (PBS) or appropriate bacterial growth medium (Todd-Hewitt broth was used in these studies). Prepare dilutions ranging from 10 -1 to 10 -6 to produce at least one set of agar plates with countable colonies (30-300 colonies). Perform all dilutions in triplicate.
2. Transfer 100 µl of each serial dilution onto an agar plate containing appropriate medium for the bacterial species being analyzed. Note: Todd-Hewitt agar was used in these studies. 3. Use a glass or plastic bacterial spreader to evenly distribute the 100 µl aliquot across the entire surface of the agar plate, and continue spreading until the liquid has been absorbed into the agar. Perform under flame using sterile technique. 4. Incubate the agar plates at 37 °C overnight or until countable colonies appear. 5. Count the colonies that grow on each plate and calculate the CFU/ml in the original culture by the following formula: number of colonies x inverse of the serial dilution / culture volume plated in milliliters. , a kind gift from V. Nizet, were used for these studies. 1. Maintain HaCaT cells in 100 mm culture dishes in Dulbecco's Modified Eagle's Medium (DMEM) with 10% heat inactivated fetal bovine serum (FBS). Incubate at 37 °C with 5% CO 2 .
Host Cell Infection with Permeable Membrane Insert System
1. Plate cells in appropriate tissue culture dishes and allow them to grow until they reach 90% confluency. Note: The HaCaT cells used in these studies typically reach confluency within 2-3 days after plating. 3. Apply fresh growth medium to cells. For the conditions described here, apply 2 ml medium per well for 6 well plates or 0.5 ml medium per well for 24 well plates. If pharmacological treatments are being tested, mix with fresh medium and apply during this step. Note: Some assays may require alternative media. For example, as phenol red and high serum concentrations interfere with the LDH release assay, phenol red-free DMEM supplemented with 1% bovine serum albumin (BSA) (w/v), 2 mM L-glutamine, and 1 mM sodium pyruvate was utilized for these experiments. 4. After fresh medium has been applied, carefully place a sterile 0.4 µm permeable membrane insert in each well. Perform this step in a laminar flow hood, and use sterile forceps to transfer the permeable membrane insert into each well. 5. Apply fresh cell culture medium to the upper chamber of each well according to the manufacturer's instructions. For the conditions described here, apply 1 ml medium per well for 6 well plates or 0.1 ml medium per well for 24 well plates. 6. Apply an appropriate volume of normalized bacterial cultures (see section 1) to the upper chamber of the permeable membrane insert system. Use bacterial medium for uninfected control treatments. For the results described here, add 25 µl of the normalized cultures per chamber for 24 well plates and add 100 µl of the cultures per chamber for 6 well plates. Note: In these studies, wild-type or mutant GAS was applied to host cells at a MOI of 10. MOI was calculated based on the final eukaryotic cell numbers (e.g. 2 x 10 6 cells/well), such that 10 times as many bacteria were added per host cell at the beginning of the infection period (e.g. 2 x 10 7 CFU per well). Appropriate MOI will vary with different bacterial species and with the desired follow-up analyses.
Note: In addition to using bacterial medium for uninfected controls, other useful controls for certain applications of this technique may include heat-killed bacteria or spent bacterial medium for comparison. 7. Incubate infected cells at 37 °C with 5% CO 2 .
Sample Collection
1. To collect cell culture medium, host cell lysates, or glass coverslips with intact cells for follow-up analyses, begin by carefully removing the permeable membrane insert with sterile forceps. 2. For Assessment of Secreted Host Protiens:
1. Collect the medium from the lower chamber into 1.5 ml tubes. Avoid disturbing the monolayer during collection. 2. Centrifuge samples at 14,000 rcf for 10 min at 4 °C to remove cellular debris. 3. Remove all but 50 µl of the supernatant to a fresh 1.5 ml tube and store at -20 °C or use immediately.
3. For Assessment of Host Cell Lystates: 1. Gently aspirate the medium above the monolayer of host cells. Avoid disturbing the monolayer, as this may result in sample loss. 2. Rinse cells once with 1x PBS. 3. Gently aspirate PBS. Immediately apply an appropriate volume of ice-cold lysis buffer to achieve the desired protein concentration, and incubate the samples on ice for 15 min. Apply between 200 µl and 350 µl of lysis buffer per well of each 6 well plate to achieve protein concentrations between 0.5 and 1.5 mg/ml. Note: The lysis buffer used in these studies was composed of deionized water, 1% (v/v) Nonidet P40 Substitute, a phosphatase inhibitor cocktail, and a protease inhibitor cocktail. Specific reagents are listed in the Materials and Equipment section. 4. Use a cell scraper to detach the cells from the plate surface of each well and pipette the entire contents of each well into a 1.5 ml tube. 5. Centrifuge samples at 14,000 rcf for 20 min at 4 ˚C. 6. To assess soluble lysate components, remove the supernatant to a fresh tube and store at -20 ˚C or use immediately. 7. To assess nuclear or other insoluble lysate components, reserve the pellet and store at -20 ˚C or use immediately. 
Note: These studies utilized DAPI (nuclear stain) and rhodamine-phalloidin (actin stain) at ratios of 1:1,000 in blocking solution. 10. Incubate coverslips with nuclear and actin stains for 30 min at room temperature. 11. Wash coverslips in PBS for 30 min at room temperature, refreshing the buffer every 10 min. 12. Mount the coverslips on glass slides using mounting medium. 13 . Allow coverslips to set on the slides overnight prior to sealing and imaging. For the results described here, collect images on a fluorescence microscope using a standard 20X objective. Use ImageJ and microscope imaging software to process the captured images. 
LDH Release Assay
Representative Results
The permeable membrane insert-based infection system protocol developed for the study of secreted bacterial factors is detailed in Figure 1 . This system relies on the separation of bacteria and host cells via a porous membrane to assess the effects of secreted bacterial factors, in this case Streptolysin S (SLS), on host responses such as host membrane integrity, cellular viability, cellular signal transduction, and secreted host cell factors. Figure 2 provides representative Western Blot data demonstrating that this system may be used to assess changes in the activation of contact-independent host signaling proteins. Specifically, the representative data show significantly enhanced p38 MAPK activation in the presence of SLS-producing GAS strains. This system can also be applied to visualize the effects of secreted bacterial factors on host protein localization by immunofluorescence microscopy (Figure 3) . The data show SLS-dependent activation of the key inflammatory mediator Nuclear Factor kappa B (NFκB), which translocates from the cytoplasm to the nucleus upon activation 21 . The results in Figures 2 and 3 indicate that both SLS-dependent inflammatory signaling responses do not require direct contact between the bacteria and host cells. As previous experiments have already demonstrated SLS-dependent p38 and NFκB activation in direct infection models 21 , similar levels of p38 or NFκB activation among the three GAS strains in the permeable membrane insert-based system would have indicated that the response required direct contact between the bacteria and host cells. Figure 4 demonstrates that this infection system may be applied to assess toxin-dependent changes in host cytotoxicity via ethidium homodimer and LDH release assays. This is evidenced by the significant increase in both membrane permeabilization and in the release of LDH from host cells exposed to GAS strains containing SLS compared to uninfected cells or cells exposed to the SLS-deficient strain. These changes in cytotoxicity are not immediate, as significant effects are not evident until 12 hr post infection in the case of membrane permeabilization and 16 hr in the case of LDH release. The representative data illustrate the importance of selecting appropriate time points and infection conditions for the evaluation of these host responses. In addition to allowing for the assessment of host signaling changes and cytotoxicity, the permeable membrane insert-based infection system is applicable to the study of metabolic changes such as accurate determination of host ATP levels by preventing bacterial contamination of host cell lysates ( Figure 5) . These data show a significant loss of keratinocyte ATP in response to GAS infection by 16 hours post infection, with enhanced ATP loss in the presence of SLS. These results are consistent with the observed toxin-dependent increases in host stress-response signaling and cytotoxicity. . Please click here to view a larger version of this figure.
Discussion
Herein is described a method using a permeable membrane insert-based infection system to examine the effects of the bacterial toxin Streptolysin S on human epithelial keratinocytes in an in vitro system. This protocol can be adapted for the study of other secreted bacterial virulence factors as well as alternative host cell types. This recently developed system provides several advantages over experimental methods that utilize purified toxins or filtered bacterial supernatants [1] [2] [3] 8, [18] [19] [20] . The permeable membrane insert-based system provides a constantly maintained dose of the relevant bacterial toxin to host cells as it is produced, which allows maximal toxin activity to be maintained and also increases consistency between experiments. Additionally, this system more closely mimics physiological conditions by allowing the secreted factor to accumulate over time as the infection progresses and by eliminating the need to arbitrarily select specific toxin concentrations to apply to host cells. Furthermore, this system would also provide means for investigators to assess whether a bacterial factor of interest is delivered to host cells in a contact-dependent manner. Contact-dependence is often tested through the generation of isogenic bacterial mutants deficient in adherence or through the use of reagents that prevent adherence. The system described here would provide a simple alternative to complement or replace these traditional approaches.
In addition to the tested applications described in section 5 of the protocol, other applications to which this infection system could be easily adapted include the collection of samples for cytokine arrays and ELISA assays. In both of these cases, a similar protocol to that described for LDH release assays may be followed. Though not shown here, this system has been used to effectively collect host cell samples to be analyzed by flow cytometry. In this application, the permeable membrane insert is removed following the infection period, the cells are washed to remove cell culture medium, and trypsin is applied to allow collection of the cells for analysis. The physical separation of bacteria from host cells is particularly useful for this application because it helps to prevent the formation of large aggregates comprised of adhered bacteria and host cells that could otherwise interfere with accurate cell counting by the flow cytometer.
Though very consistent host responses have been observed when comparing the results of the permeable membrane insert-based infection studies with traditional direct infection studies, some notable differences in the kinetics of these host responses have been observed 21 . For example, changes in host signaling and membrane-based cytotoxicity take 30-50% longer to occur in the permeable membrane insert-based infection model than corresponding direct infection models. Because the permeable membrane insert-based system requires medium to be . This difference in total medium volume, coupled with the increased distance between bacteria and host cells when direct contact is prohibited, likely increases the time it takes for SLS to diffuse through the medium to reach host cells and elicit the observed effects. Additionally, the permeable membrane insert-based system removes many GAS virulence factors that are likely to contribute to host cell damage; the absence of these additional factors in this system is also likely to contribute to the delay in host cell death and initiation of host signaling events compared to direct infection 21 . These factors should be considered when designing experiments to assess other secreted bacterial components.
To identify the most meaningful conditions for testing the effects of secreted bacterial factors on host cells, testing a range of time points for each application of the permeable membrane insert-based infection system is recommended. It is important to consider under what conditions the specific virulence factor of interest is optimally produced (e.g. log phase, stationary phase, in response to certain environmental signals, etc.) in order to successfully observe its effects. In experiments focused on evaluating changes in host signaling proteins, it was necessary to select time points that allowed adequate time for SLS to reach host cells and to be produced in sufficient amounts to induce signaling changes 21 . At the same time, assessment of changes in host signaling needed to be conducted prior to SLS-induced membrane permeabilization, as this effect complicates the collection of host cell lysates for analysis. Cell death induced by SLS could be optimally observed in both direct and permeable membrane insert-based infection models several hours after the initiation of the reported signaling events 21 . Furthermore, in selecting time points of interest, it is also important to ensure that the bacteria being studied are unable to penetrate the porous insert membrane during the period of study. The production of certain bacterial components over an extended period may disrupt the integrity of the membrane and allow the passage of bacteria to the lower compartment. To determine whether this is a potential problem in the system of interest, the bacterial strains to be studied can be applied to the upper chamber of the permeable membrane insert-based system at a range of time points. At each time point, the insert can be carefully removed and the medium from the bottom chamber can be collected and utilized in a standard colony counting assay (see section 1.5). If no colonies are formed from the cell culture medium in the lower compartment, the insert membrane may be assumed to be effectively preventing the passage of bacteria at the time point and bacterial load tested.
Another experimental design component that is likely to require optimization for the effective analysis of secreted bacterial factors is the multiplicity of infection (MOI). The MOI refers to the ratio of bacterial cells per host cell, and is therefore influenced by host cell confluency at the time of infection and by the number of bacterial colony forming units (CFU) applied to the cells. In these studies, keratinocyte cells were grown to 90% confluency, which allowed these cells to form a cohesive monolayer with intact tight junctions. Thoughtful consideration of the physiological organization of the host cells to be studied is necessary to select an appropriate confluency for infection experiments. Once an appropriate number of host cells per well is determined, a suitable bacterial CFU can be calculated based off the desired MOI. In the studies described here, GAS was applied to host cells at a MOI of 10. Appropriate MOI will vary with different bacteria and with the desired follow-up analyses. A low beginning MOI is typically more physiologically relevant and allows for the bacterial factor of interest to accumulate slowly enough to capture subtle changes in host cell signaling before dramatic changes in host cell viability are evident. Higher MOIs are used in many studies assessing cytotoxicity, but this effect can also be achieved by beginning with a low MOI and allowing the infection to progress for a longer period of time. It is important to determine an accurate CFU to optical density corollary for all bacterial strains to be tested, as isogenic mutants may have an altered growth rate compared to wild-type bacteria and may therefore require that a higher or lower CFU be added per well to ensure an appropriate comparison of the host response between strains. In cases where the mammalian host cells being studied are capable of killing bacteria or inhibiting their growth or if nonsynchronous growth between bacterial strains is suspected, it may also be useful to perform studies to assess the final bacterial load at the end of the infection period. This could be accomplished by collecting the contents of the permeable insert and performing a colony counting assay similar to that described in section 1.5 of the procedure.
Selecting appropriately sized wells for the desired assay is also important for obtaining optimal results. Permeable membrane inserts are available in a variety of sizes, but the most consistent results for the studies shown here were observed using inserts designed for 24 well and 6 well tissue culture plates. These insert sizes are relatively easy to handle with sterile forceps, and ease of manipulation is critical in preventing unwanted transfer of bacteria from the upper compartment to the lower compartment of the well. For experiments involving the collection of host cell lysates, 6 well dishes provide an appropriate cell number per condition for most analyses and are large enough to accommodate cell scrapers for sample collection. For cytotoxicity assays in which the host cells remain adherent and are labeled with a fluorescent or colorometric dye that can be measured on a plate reader (e.g. ethidium homodimer assay, trypan blue exclusion assay), use of a 24 well plate with the corresponding inserts is recommended. For experiments in which cell culture medium will be collected and analyzed (e.g. LDH release, cytokine studies) either the 24 well or 6 well plates may be used, though the smaller wells typically provide adequate sample volumes for these analyses and minimize use of the required reagents. Overall, the method is highly versatile and may be adapted as needed to prepare samples for numerous follow-up applications.
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